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I I. Introduction 
Efforts in the past half year were devoted to studying the 
crystallization kinetics of the thermoplastic resins 
poly(pheny1ene sulfide) (PPS) and poly(ary1-ether-ether-ketone) 
(PEEK) in the presence and in the absence of carbon fibers. Our 
objectives have included the determination of how carbon fiber 
surfaces in composites affect the crystallization of tough 
thermoplastic polymers that may serve as matrix resins. The 
crystallization kinetics of such substances can provide useful 
information about the crystallization mechanisms ( 1 )  and, thus, 
indicate if the presence of carbon fibers cause any changes in 
such mechanisms. 
11. Crvstallization Kinet i cs 
A. Isothermal crvstallisation studies of PPS 
1. ExDerimental 
a. platerials 
The neat PPS used was Phillips Petroleum’s Hyton M R 0 3  molding 
grade resin. The composite samples used were cut from a panel 
prepared at the Polymeric Materials Branch at NASA’s Langley 
Research Center. It war;, designated GD441. 
b. Procedures 
Crystallizations of the neat resin and of the of the composite 
samples were each conducted in two different temperature ranges. 
The low temperature range, in the vincinity of 395 K, was below 
that temperature at which PPS crystallizes the fastest ( T m a x ) .  
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The h i g h  temperature range, i n  t h e  v i c i n i t y  o f  495 K, i s  above 
T,*?c. 
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P r i o r  t o  each low temperature isothermal  c r y s t a l l i z a t i o n  o f  
t h e  neat res in ,  a f r e s h  sample was prepared by heat ing  t h e  
powdered polymer as received i n  a furnace f o r  two minutes a t  
343 92. The polymer so heated was then quenched t o  t h e  n e a r l y  
amorphous s t a t e  by q u i c k l y  p lung ing  i t  i n t o  i c e  water. A t  t h i s  
p o i n t  t h e  fused, quenched polymer was c lea r ,  b u t  o f  uneven shades 
s e l  ec t ed f o r  d i f f e r  ent  i a1 scann i ng c a l  o r  i met r y (DSC 1 c r y s t a l  1 i z a- 
t i on ex per i ments. 
The composite samples c r y s t a l l i z e d  a t  low temperatures were 
c u t  f rom t h e  GD441 sample w i t h  a r a z o r  b lade and a coping saw. 
These samples were preheated f o r  5 minutes a t  343 "C be fo re  
quenching. Otherwise they were t r e a t e d  i n  t h e  same manner as t h e  
neat polymer . 
The quenched samples were encapsulated i n  DSC sample pans and 
p laced i n  t h e  sample head o f  a DSC-2C d i f f e r e n t i a l  scanning 
ca lo r imeter .  They were heated t o  a predetermined isothermal  
c r y s t a l l i z a t i o n  temperature a t  320 *C /m in .  The power r e q u i r e d  t o  
mainta in  t h e  sample pan holder a t  t h e  same temperature as t h e  
re fe rence pan ho lder  was recorded by t h e  DSC-2C system as a 
f u n c t i o n  o f  t ime. Data thus acqui red was analyzed f o r  ex ten t  o f  
t h e  phase t rans format ion  as a f u n c t i o n  o f  t ime. 
High temperature c r y s t a l l i z a t i o n s  were conducted i n  much t h e  
same way as t h e  low temperature c r y s t a l l i z a t i o n s  w i t h  t h e  
f o l l o w i n g  d i f fe rences :  1) Samples were cond i t ioned i n  t h e i r  
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aluminum sample pans a t  327 "C and then cooled t o  t h e  isothermal  
c r y s t a l l i z a t i o n  temperature (7,) a t  320 * C / m i n  2) Samples 
c r y s t a l l i z e d  a t  h i g h  temperatures could be reused. The h i g h  tem- 
pera ture  c r y s t a l l i z a t i o n s  o f  f r e s h  samples reproduced w e l l  t h e  
c r y s t a l l i z a t i o n s  o f  samples t h a t  had been c r y s t a l l i z e d  several  
t imes p r e v i  ousl  y. 
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2. Resul ts  
O u r  isothermal c r y s t a l l i z a t i o n  s tud ies  o f  Ryton MR03 as a neat 
r e s i n  and as a component o f  composites, i.e., i n  t h e  presence o f  
carbon f i b e r s ,  have been conducted a t  a number o f  isothermal  
c r y s t a l l i z a t i o n  temperatures. We herewi th  r e p o r t  some 
p re l im ina ry  f i nd ings .  
F igure  1 compares t h e  c r y s t a l l i z a t i o n  r a t e s  o f  t h e  neat r e s i n  
w i t h  those o f  t h e  composite over a range o f  c r y s t a l l i z a t i o n  tem- 
peratures. They a re  given as t ime  requ i red  f o r  a g iven 
isothermal c r y s t a l l i z a t i o n  t o  reach i t s  maximum ra te ,  which i s  
t h e  t ime a t  w h i c h  an isothermal DSC scan becomes most h i g h l y  
exothermic. O u r  r e s u l t s  show t h a t  t h e  composite always 
c r y t a l l i z e s  fas te r  than the neat res in .  We c u r r e n t l y  have t h e  
g rea tes t  amount o f  data f o r  c r y s t a l l i z a t i o n s  performed above 
T,,,. It i s  seen t h a t  c r y s t a l l i z a t i o n s  o f  PPS i n  t h e  composite 
occur a t  about t h e  same r a t e  as i n  t h e  neat r e s i n  when t h e  
composite's temperature i s  is0 above t h a t  of t h e  neat res in .  
Thus, t h e  neat r e s i n  m u s t  be supercooled by t h a t  much more than 
t h e  composite i n  order f o r  t h e  polymer t o  c t - y s t a l l i z e  a t  an 
equ iva len t  ra te .  Th is  is a h i g h l y  s i g n i f i c a n t  d i f fe rence.  O u r  
. .  . .  
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more l i m i t e d  low temperature da ta  i n d i c a t e  t h a t  t h e  composite’s 
PPS c r y s t a l l i z e s  more r e a d i l y  below T,,, as we l l .  
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I n  t h i s  case, 
where t h e  mel t  v i s c o s i t y  makes an impor tan t  c o n t r i b u t i o n  t o  t h e  
c r y s t a l l i z a t i o n  r a t e ,  we see t h e  composite c r y s t a l l i z i n g  as f a s t  
as t h e  neat r e s i n  when i t  i s  a t  a ;lower temperature than t h e  neat 
res in .  
Johnson and Mehl (21, Avrami (3)* and Evans (4) developed a 
phenomenological treatment f o r  t h e  ‘ k i n e t i c s  o f  a nuc lea t i on  
governed phase chanae. An equat ion which bears Avrami’s name 
x = exp C - k ’ t ” >  
descr ibes such a t ransformat ion.  Here X i s  t h e  mass f r a c t i o n  o f  a 
phase t h a t  i s  untransformed a t  t ime  t. The mod i f ied  r a t e  
constant k’ i s  r e l a t e d  t o  a r a t e  constant k by a p r o p o r t i o n a l i t y  
constant t h a t  a l lows fo r  the  f a c t  t h a t  t o t a l  c r y s t a l l i n i t y  i s  n o t  
u s u a l l y  a t t a i n e d  i n  syn the t i c  polymers. Also, k’ con ta ins  
parameters t h a t  a re  concerned w i t h  nuc lea t i on  frequency, t h e  
r e l a t i v e  d e n s i t i e s  of t h e  phases involved, t h e  geometry o f  t h e  
growing center,  and t h e  growth vec tors  i n  t h e  d i r e c t i o n s  o f  
growth. The va lue of t h e  exponent o f  t ime  n i s  a f u n c t i o n  of  t h e  
types o f  nuc lea t i on  and growth as we l l  as t h e  growth h a b i t  o f  t h e  
developing phase. A value o f  three, f o r  example, cou ld  be 
i n d i c a t i v e  o f  a non-d i f fus ion  c o n t r o l l e d  n u c l e a t i o n  mechanism i n  
which t h e  embryonic c r y s t a l l i t e s  a l l  begin t o  grow a t  t h e  
beginning of t h e  c r y s t a l l i z a t i o n  process (l).. 
Rate data t h a t  we obtained from DSC i n  terms o f  t h e  f r a c t i o n a l  
exten t  o f  t h e  t o t a l  t ransformat ion experienced as a func t i on  of 
t ime has been analyzed as i n d i c a t e d  by t h e  Avrami equation. The 
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equat ion as w r i t t t e n  above was p l o t t e d  i n  double l oga r i t hm ic  form 
y i e l d i n g  l i n e a r  p l o t s .  F igures 2 and 5 are, respec t i ve l y ,  Avrami 
p l o t s  f o r  isothermal c r y s t a l l i z a t i o n s  of t h e  composite conducted 
a t  390 K and a t  500 K. The symbol C i n  t hse  p l o t s  i s  equ iva len t  
t o  1 - X / X O ,  t h e  o v e r a l l  f r a c t i o n  of  c r y s t a l l i z a b l e  polymer t h a t  
has c r y s t a l l i z e d  a t  t ime  t .  The temperatures chosen (g iven here 
as uncorrected values) were close to: but not identical to the 
c r y s t a l l i z a t i o n  temperatures p rev ious l y  g iven i n  Avrami p l o t s  fo r  
t h e  neat res ins .  From the  s lope o f  these p l o t s  i t  can been seen 
t h a t  n has a va lue o f  3.0 f o r  t h e  neat r e s i n ' s  c r y s t a l l i z a t i o n ,  
and 2.6 f o r  t h e  composite sample's C r y s t a l l i z a t i o n .  The r e s u l t s .  
f o r  t h e  composite and t h e  neat r e s i n  a re  summarized i n  Table I. 
Table I 
The n Parameter f o r  Isothermal C r y s t a l l i z a t i o n s  
I I I 
I I n I 
I I IT,. Kt Neat k e s i  n Comoosite I 
I I I 
I 3.7 I 390 - I 
I I 395 3.2 I 
I 405 3.6 I 
I 1 475 3.0 I 
1 485 3.0 - I 
1 I 490 I 3.0 I 
I I 49s 3.1 - 
t 500 I 3.0 2. b 1 
I 505 3.8 I 2.9 I 
I 
I 
I 
I 
I 
I I 
- - I - 
- 
1 I 
I 
I 
I I 2 .8  I 310 - I 
t The h o r i z o n t a l  l i n e  below 405 K i s  a d i v s i o n  
between. low temperature c r y s t a l l i z a t i o n s  and 
h i g h  temperature ones. See t e x t .  
These p r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  carbon f i b e r s  a l t e r  t h e  
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mechanism o f  c r y s t a l l i z a t i o n  i n  t h e  h i g h  temperature c r y s t a l l i r a -  
t i o n  r e g i o n  b u t  n o t  a t  low temperatures. Prev ious r e s u l t s  have 
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i n d i c a t e d  t h a t  t h e  presence o f  carbon f i b e r s  can o r i e n t  adhering 
amorphous PEEK. K i m  and Mandelkern repo r ted  t h a t  t h e  va lue  o f  n 
decreased w i t h  inc reas ing  extens ion r a t i o  i n  n a t u r a l  rubber 
networks (3). Perhaps we a re  seeing t h i s  k i n d  o f  i n f l uence  on 
t h e  c r y s t a l l i z a t i o n  of PPS s e l e c t i v e l y  a t  t h e  h igher  temperature 
reg ion,  t hus  lower ing  nm Another p o s s i b i l i t y  i s  t h a t  t h e  
sur faces  t h a t  come i n  contact  w i t h  c r y s t a l l i z a b l e  PPS segments. 
The carbon f i b e r  surfaces would be more i n f l u e n t i a l  i n  
f a c i l i t a t i n g  nuc lea t i on  a t  t h e  h i g h  temperatures where r a t e s  a r e  
s e n s i t i v e  t o  sur face  f r e e  energ ies r a t h e r  than a t  low tempera- 
t u r e s  where c r y s t a l l i z a t i o n  r a t e s  a re  d i f f u s i o n  c o n t r o l l e d .  Such 
a hypothes is  i s  supported by t h e  f a c t  t h a t  t h e  composite c r y s t a l -  
l i z a t i o n  r a t e s  a re  enhanced more i n  t h e  h i g h  temperature range 
than i n  t h e  low temperature range. The f a c t  t h a t  n f o r  t h e  
composite changes t o  a lower va lue  when 7, i s  s h i f t e d  t o  t h e  h i g h  
temperature range could e i t h e r  mean t h a t  d i f f u s i o n  i s  becoming a 
r a t e  l i m i t i n g  s tep i n  t ranspor t i ng  c r y s t a l l i z i n g  chains t o  t h e  
carbon f i b e r  sur faces where they  can c r y s t a l l i z e  r a p i d l y  o r  t h a t  
t h e  growth h a b i t  of t h e  transformed phase i s  o ther  than 
i s o t r o p i c a l l y  three-dimensional. Fu r the r  exper imental  work and 
thought i s  needed t o  v e r i f y  and perhaps t o  e x p l a i n  these 
f i nd ings .  The r a t e  constants k’ can be determined from t h e  
i n t e r c e p t s  of t h e  Avrami p l O t 5 ,  bu t  intercornpar ison o f  them i s  
meaningful o n l y  when n does n o t  change from case t o  case When 
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s u f f i c i e n t  da ta  i s  obtained t h e  k’ values w i l l  be intercompared 
and temperature c o e f f i c i e n t  analyses w i l l  be conducted where i t  
I 
is meaningful. 
8. Isothermal c r y s t a l l i z a t i o n  s tud ies  o f  PEEK 
1. Exoerimental 
a. M a t e r i a l s  
The neat r e s i n  used was obtained from t h e  Polymeric M a t e r i a l s  
branch rr+ “%’F; Lsnglcly Re(reri.,rrh Csntor.  It had b r m  m=.nu+ac- 
t u red  by IC1 and was designated Grade 450G, Batch 44 SF‘G 9-306. 
It was used as received. 
Composite samples had been c u t  from APC-2 composite panels 
manufactured by I C 1  a t  t he  request  o f  NASA’s Langley Research 
Center . 
b. Procedures 
P re l im ina ry  s tud ies  of t h e  r a t e  of isothermal c r y s t a l l i z a t i o n  
o f  PEEK have been done by DSC a t  T ,  < T m a x .  PEEK samples were 
heated t o  390 K, maintained a t  t h a t  temperature f o r  severa l  
minutes, and then quench cooled i n  l i q u i d  n i t rogen.  They were 
then heated r a p i d l y  i n  the  DSC-2C t o  a preselected T ,  t h a t  was 
below t h e  temperature o f  maximum c r y s t a l l i z a t i o n  r a t e  f o r  t h e  
polymer . 
2. Resul ts  
The shal low exothermic peaks obtained show some promise of 
q u a n t i t a t i v e  i n t e r p r e t a t i o n .  However, r e s u l t s  t o  date a r e  i n  
t h e i r  very e a r l y  stages. Encouraged by our p roduc t i ve  e f f o r t s  
w i t h  PPS, we in tend  t o  resume q u a n t i t a t i v e  isothermal  c r y s t a l l i -  
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z a t i o n  k i n e t i c  s tud ies  on PEEK and i t s  composites i n  t h e  near 
fu tu re .  
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C. Non-i sothermal Crys ta l  1 i z a t  i on Stud i es 
We have recognized t h a t  al though most polymer c r y s t a l l i z a t i o n  
k i n e t i c s  s tud ies  have been c a r r i e d  ou t  i so the rma l l y ,  i n d u s t r i a l  
p r a c t i c e s  t h a t  lead t o  polymer c r y s t a l l i z a t i o n  genera l l y  proceed 
under non-isothermal condi t ions.  While t h e  a n a l y s i s  o f  a 
non-isothermal c r y s t a l l i z a t i o n  i s  more compl icated than t h a t  .For 
a isothermal one, t h e  non-isothermal experiment i s  a c t u a l l y  
eas ie r  t o  perform on t h e  DSC-2C. 
1. E$<aerimental 
The PEEK samples and p e l l e t s  o f  composites made w i t h  PEEK t h a t  
were used i n  these experiments were descr ibed above i n  11.8. The 
samples were prepared for t h e i r  non-isothermal c r y s t a l l i z a t i o n s  
in,much t h e  same way t h a t  t h e  p r e l i m i n a r y  t reatments were 
performed p r i o r  t o  t h e  ioothermal c r y s t a l l i z a t i o n s .  The samples 
were then cooled i n  t h e  high temperature range o r  heated i n  t h e  
l o w  temperature range at a constant r a t e  t h a t  was precr ibed f o r  
each experiment. 
2. p e s u l t s  
I n  some non-isothermal c r y s t a l l i z a t i o n s ,  neat PEEK’s c r y s t a l -  
l i z a t i o n  behavior was compared q u a l i t a t i v e l y  t o  t h a t  o f  APC-2, 
ICI’s designat ion f o r  a composite made w i t h  AS-4 carbon f i b e r s  
and PEEK. Pre l im ina ry  r e s u l t s  i n d i c a t e  that  t h e  onset o f  crys-  
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t a l l i z a t i o n  o f  APC-2 occurred sooner, i.e., a t  h igher  tempera- 
t u r e s  than d i d  t h e  PEEK. While t h e  temperature c o e f f i c i e n t s  f o r  
t h e  two appeared t o  be s i m i l a r ,  t h e  e a r l i e r  c r y s t a l l i z a t i o n  of  
t h e  APC-2 i s  suggest ive t h a t  carbon f i b e r s  may be f a c i l i t a t i n g  
t h e  c r y s t a l l i z a t i o n  o f  PEEK i n  t h e  composite. 
I 
We have conducted a s e r i e s  o f  non-isothermal c r y s t a l l i z a t i o n s  
o f  PEEK over a wide range o f  c o n t r o l l e d  c o o l i n g  r a t e s  t h a t  a r e  
a v a i l a b l e  on t h e  DSC-2C. Z i a b i c k i  has presented a q u i t e  general 
phenomenological a n a l y s i s  o f  t h e  e f f e c t s  o f  non-equi l ibr ium 
c o n d i t i o n s  on a polymer c r y s t a l l i z a t i o n  process (61, bu t  w e  f e e l  
t h a t  our exper imental  cond i t i ons  a l l o w  f o r  a n a l y s i s  by t h e  l e s s  
general bu t  more s t ruc tu red  method of  Ozawa ( 7 ) .  We have 
analyzed and p l o t t e d  our data according t o  Ozawa: a t  t h i s  s tage 
t h e  r e s u l t s  obtained w i t h  PEEK have n o t  y i e l d e d  t h e  expected 
l i n e a r  p l o t s .  The curved p l o t s  may be i n d i c a t i v e  t h a t  t h e  c rys-  
t a l l i z a t i o n  mechanism o f  our PEEK samples i s  changing w i t h  t e m -  
per  a t u r  e. 
A s  mentioned above, we have good i n d i c a t i o n  f rom isothermal  
experiments t h a t  t h e  mechanism f o r  t h e  c r y s t a l l i z a t i o n  o f  PPS 
does no t  change over a 100" temperature range. Thus, we a r e  
o p t i m i s t i c  t h a t  we may ob ta in  meaningful, l i n e a r  Orawa p l o t s  f o r  
PPS. Work i n  t h i s  area i s  about t o  proceed. 
111. Summary 
T h i s  progress r e p o r t  c i t e s  t h e  f o l l o w i n g  accomplishments: 
1)  We have developed the c a p a b i l i t y  f o r  measuring t h e  c r y s t a l -  
l i z a t i o n  k i n e t i c s  of PPS and i t s  composites i n  a meaningful 
11 
and consistent way at temperatures both below and above 
I 
2) We find that the crystallization of PPS in composite 
samples occurs more readily than it does as a neat polymer 
at given temperatures. 
3) Data obtained for crystallizations conducted at optimal 
conditions have been plotted and analyzed according to the 
Avrami equation. The analyses suggested that the 
the same mechanism at both low and high crystallization 
temperatures. The value of approximately 3 is suggestive 
of a process in which the embryo nuclei are already present 
at the beginning of a three-dimensional process. The 
disparate values of n > 3 for crystallizations of the 
composite at low temperatures and n < 3 for low temperature 
crystallizations of the composite suggests a change in 
mechanism with temperature. The alternative possibilities 
of orientation effects by the carbon fibers upon the 
polymer prior to crystallization or nucleation effects by 
the carbon fiber surfaces merit consideration and further 
investigation. 
4) Qualitative findings concerning the crystallization 
kinetics of PEEK resins and of PEEK in composites are 
showing that the presence of carbon fibers enhances the 
rate of crystallization of that polymer. 
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I V .  F u t u r e  W o r k  
I We still need  t o  l e a r n  more a b o u t  t h e  s t a b i l i t y  of 
c r y s t a l l i n e  PEEK. N o t  o n l y  is i t  i m p o r t a n t  t o  l e a r n  how c r y s t a l -  
l i z a t i o n  c o n d i t i o n s  a f f e c t  t h e  m e l t i n g  p o i n t  and  t h e  morphology 
of PEEK, b u t  w e  must a d d r e s s  o u r s e l v e s  t o  t h e  p o t e n t i a l l y  
t r o u b l e s o m e  p rob lem s u g g e s t e d  b y  t h e  d u a l  e n d o t h e r m s  t h a t  t h i s  
po lymer  c a n  e x h i b i t  (8-10). We h a v e  o b s e r v e d  b e h a v i o r  i n  PEEK 
t h a t  s t r o n g l y  s u g g e s t s  t h a t  h e a t i n g  t h e  polymer  a t  t e m p e r a t u r e s  
more t h a n  73 OC below its p r a c t i c a l  m e l t i n g  t e m p e r a t u r e  f o r  b r i e f  
p e r i o d s  of  t i m e  can d e t e c t a b l y  a l ter  its c r y s t a l l i n e  phase .  We 
w i l l  s t u d y  t h i s  phenomenon i n  n e a t  po lymer  i n  some d e t a i l  and  t r y  
t o  l e a r n  its b a s i s .  From knowledge so g a i n e d  w e  may b e  a b l e  t o  
d e d u c e  how t o  c o n t r o l  t h e  c r y s t a l l i z a t i o n  t o  b e s t  a d v a n t a g e  by  
m o d i f y i n g  p r o c e s s i n g  c o n d i t i o n s .  
Ano the r  phenomenon t h a t  c o u l d  c a u s e  i n s t a b i l i t y  of t h e  
c r y s t a l l i n e  p h a s e  below its m e l t i n g  p o i n t  c o u l d  b e  an  
o r d e r - d i s o r d e r  t r a n s i t i o n  a s s o c i a t e d  w i t h  t h e  creation or 
d i s a p p e a r a n c e  of what some i n v e s t i g a t o r s  c a l l  a s u p e r l a t t i c e  (see 
a b o v e ) .  Such a phenomenon, i f  i t  e x i s t s  i n  t h i s  s y s t e m ,  c o u l d  b e  
a s s o c i a t e d  w i t h  t h e  d u a l  endotherm.  However, i t  is n o t  l i k e l y  
t h a t  t h i s  k i n d  of o r d e r - d i s o r d e r  t r a n s i t i o n  would b e  a n e c e s s a r y  
c o n d i t i o n  f o r  a d u a l  endotherm t o  e x i s t .  P o l y ( e t h y 1 e n e  
t e r e p h t h a l a t e )  h a s  never  been c o n s i d e r e d  t o  b e  l i k e l y  t o  u n d e r g o  
t h e  i somorphous  s u b s t i t u t i o n  t h a t  must  b e  a p r e r e q u i s i t e  f o r  t h e  
o r d e r - d i s o r d e r  t r a n s i t i o n  w e  h a v e  been  d i s c u s s i n g ,  y e t  i t  c a n  
\ 
d i s p l a y  a d u a l  endotherm.  
We w i l l  c o n t i n u e  t o  d e v e l o p  t h e  t h e o r y  of t h e  o r d e r - d i s o r d e r  
' .  .. 
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transition in 
show promise, 
(AAB) ,  type polymers. 
we will look for such 
If theoretical predictions 
I 
an order-disorder transition 
experimentally. 
A knowledge of crystallization kinetics is essential to the 
understanding of how to properly fabricate composite structures 
using these crystallizable matrix resins. To this end we are 
developing a high temperature dilatometry system that will be 
able to monitor the crystallization kinetics of PEEK at 
tmeperatures close to its melting point. Our dilatometers will 
employ gallium as the the confining liquid rather than the more 
volatile mercury. Problems encountered in handling this easily 
oxidizable metal are being addressed and should soon be overcome. 
A fluidized bed, thermostatted bath is being purchased and 
assembled for the purpose of conducteing these high temperature 
crystallizations. Combined with DSC we should have the 
capability of conducting crystallization kinetics studies over a 
broad temperature range, thus leading to meaningful practical and 
fundamental information about the crystallization of these tough 
thermoplastic resins both in the presence and in the absence of  
carbon fibers. 
Fiber breakage tests are planned in order to learn how the 
nature and the extent o f  crystallinity of the matrix resin 
affects resin to fiber adhesion. 
14 
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